This paper presents a methodology, which is applied to the meat industry, for the evaluation and assessment of the economical impact of customers participating in operation markets by using the flexibility they may have, as well as the amount of CO 2 avoided to be emitted into the atmosphere.
ECONOMIC AND ENVIRONMENTAL EVALUATION OF CUSTOMERS' FLEXIBILITY PARTICIPATING IN OPERATION MARKETS: APPLICATION TO THE MEAT INDUSTRY
Manuel
Introduction
Active customer participation is essential for the proper development of electricity systems as no electricity market is complete without the active participation of the final consumer [1] , [2] .
Consequently, the adequate means of guaranteeing effective competition in electricity markets needs to be enhanced, including demand response (DR) programs which allow customers to participate in such markets [3] .
Operating power systems securely is the highest priority for system operators because the degradation of operation conditions in any part of the system can produce instabilities system-wide [4] . For that reason, generators are usually the ones allowed to provide operators with the different services required for the proper operation of power systems. However, regulations in some countries allow the demand to participate in different operation markets if they can provide services by managing their loads while also fulfilling the requirements of power reliability and time of response [5] , [6] . Indeed, as demonstrated in previous research [5] , [7] , customers are technically able to participate in operation markets and to reduce their loads quickly and reliably. Moreover, modern information and communication technologies are providing customers with the capability of implementing automatic control [8] , [9] , making information more accessible since electricity prices and similar data can be automatically transferred to customers that may react to such signals. Yet, participation is not significant enough according to the full and currently underused potential [10] .
One of the main reasons is that customers are not aware about the real potential they have, together with their low practical knowledge about the functioning of electricity markets [11] . This is particularly true at the domestic level, where consumers have little knowledge of billing systems, although the participation of industrial and commercial customers is continually evolving [12] .
Different experiences developed by other researchers [13] , [14] , [15] , [16] demonstrate that the active participation of the customer in energy and operation markets may help to improve the performance of electricity systems. However, no examples of previous research were found that described how to determine potential customer flexibility in order to take advantage of different prices of electricity throughout time. This is especially true when such actions are applied to sensitive processes directly related to the quality of the final product, which tend to make customers wary of changing any element or parameter of those processes. This fact has traditionally made customers reticent to change any element or parameter of those processes. Thus, the underlying aim of this paper is to make some progress in this area. In particular, a methodology to evaluate and assess the economic impact of customers participating in operation markets by using their flexibility, as well as the amount of CO 2 emissions that are avoided, is presented.
The paper is organized as follows: an overview about the electricity market in Spain is presented in Section 2 as it is the framework where the methodology has been applied and validated. Section 3 presents the proposed methodology for the evaluation and assessment of the economic impact of customers participating in operation markets by using their flexibility, as well as the procedure to assess the carbon footprint. The methodology is applied to the meat industry sector in Section 4, where the benefits to be obtained by customers participating in such operation markets as balancing markets and secondary regulation in Spain are evaluated, as well as the impact that the participation of the whole segment may have in the power system. Finally, some conclusions are stated in section 5.
Depending on the specific contract of the customer, different periods could be applied, ranging from a single period (flat contract) for customers with less than 10 kW of contracted power, to six periods for customers contracting more than 450 kW. As an example, Table 1 shows the different periods considered for a seasonality contract.
Operation markets in Spain
The Spanish Transmission System Operator (TSO), Red Eléctrica de España (REE), manages the technical and economic aspects of operation markets in Spain, which include:
Solution of technical restrictions. This is aimed at solving any incidents in the generationtransmission system that could affect the safety, quality or reliability or the power system.
Ancillary services. These include such services as primary, secondary and tertiary regulation or voltage control, and are focused on guaranteeing the proper power supply to customers in reliable and safe conditions.
Balancing markets. Their objective is to reconcile the deviation between demand and generation that could appear after the closing of the pool and until the beginning of the next pool market session.
Spanish customers are not allowed to participate in operation markets, unlike customers in other countries. Only very large customers (with a reducible power larger than 5 MW) can participate in the interruptibility program offered by REE, although the strict requirements asked of participants mean that only about 200 customers in Spain provide the system with this service. However, some recent changes, such as the creation of the Demand Side Management (DSM) department in REE or the detailed publication of different operation market results online suggest advances in this field, so a modification in the market rules to increase DR participation in the operation of the system is expected in the near term [18] .
The next section evaluates the economic and environmental impact of customer participation in operation markets such as balancing markets or secondary regulation to identify the potential benefits for customers and the savings for the system.
Methodology
The methodology developed for the economic and environmental evaluation of DR in operation markets is hereby presented. It permits the assessment of the net benefit obtained by the customer, as well as the amount of money saved by the system when not only generation resources but also DR resources are used.
Economic evaluation
A cost-benefit analysis is required to assess the net benefit necessary to persuade the customer to reduce its load. This begins by examining the costs that the customer incurs when managing its load. Using this data, the participation of the customer in operation markets for a whole year can be simulated to assess the profit it earns every hour.
The method used for this economic evaluation, as it is shown in Figure 2 , is based on the following steps: This evaluation is performed based on the different prices in the electricity contract for different periods throughout the year.
3. Definition of the benefit strategy to participate or not in operation markets. Customers must quantify the benefit B NE they require to be willing to modify their loads, which will depend on their own market strategy. For this simulation, it has been assumed that the customer will manage its loads when the payments obtained from the system are 50% or more of the cost of the offered amount of power, according to the weighted average price in its electricity contract, and after discounting the extra costs that the customer incurs.
4. Evaluation of the hours in which the customer may actually participate in the considered operation market. This would happen when the system operator offers a payment equal or higher than the expected benefit (as explained above).
5. Evaluation of the avoided costs for the system, determined to be the difference between the payments to the customer when managing its load and the cost of the considered operation market when only generation resources are considered.
The customer must evaluate the amount of money, S S , saved during the flexibility action due to the energy not consumed or shifted to cheaper periods, as well as additional expenses, C f , incurred when flexibility actions are performed. After that, it should establish the value of the benefit, B NE , it expects in exchange for offering the service to the system. These parameters are analyzed below.
Savings (S S )
If p 1 , p 2 and p 3 are the prices of energy for on-peak, shoulder and valley periods, respectively, the amount of money (S s ) saved during the flexibility action can be calculated by using the formula: 
where S 1 is the amount of money saved during the interruption, and S 2 and S 3 correspond to the extra costs generated by the consumption before and after the interruption (preparation and recovery periods). E 
Cost of Flexibility (C f )
The use of flexibility may entail additional direct and/or indirect costs for customers that need to be evaluated. Direct costs relate to the technical capacity for carrying out a flexibility action, while indirect costs refer to those incurred as a consequence of the implementation of flexibility actions (requirement of additional manpower, loss of productivity, etc).
Direct costs comprise the following concepts:
Cost of control (C C ). This concept includes all actions related to the physical implementation of a flexibility-related control action, but investments to that end are not considered here (they are included in the factor C AM ).
Cost of monitoring and metering (C MM ). Monitoring and metering equipment is usually employed for other applications besides flexibility. Consequently, this cost will be shared with other involved uses.
Cost of alternative dual supply (C AS ). This cost includes fuel and technical maintenance
costs when an alternative energy source is required in order to supply processes whose electricity consumption needs to be reduced. This is the case of diesel generators, accumulators or UPS batteries.
Amortizations (C AM ). This cost includes the annual amortization of investments required
for the adaptation of facilities to implement flexibility actions. Investments comprise all the required equipment, including control, monitoring and metering devices.
Similarly, indirect costs are divided into the following groups:
Labor cost (C LB ). This is the additional payment that employees receive when they have to work overtime or during more expensive hours (for example nights and holidays).
Losses (C LS
. This cost assesses the loss of comfort or productivity. It is usually difficult to evaluate, so traditionally customers have not been allowed to perform any action that generated this cost.
The total cost (C f ) will equal the sum of these concepts:
Neither the cost of energy consumed during the preparation nor during the recovery period are -9 -included in the above equation, since these costs have been already considered in term S S .
The evaluation of the costs characterized above is a difficult task. However, some research has explored the field. For example, an innovative modeling tool was developed with the participation of the authors during the EU-DEEP project [19] , which allows the identification, evaluation and assessment of the different costs related to flexibility.
Payments from the System (P M ) and Expected Benefit (B NE )
Customers pay the power system in exchange for their electricity supply. Conversely, the power system receives a service when customers participate in DR programs and must compensate them for its value.
The payment method for providing a DR service is established in the framework of an organized DR program, and the amount paid to the customer (P M ) will be essential to determine whether the customer participates.
Customers must specify the value they require to modify their loads (B NE ), which depends on their own market strategy. As a result of their compliance, they will reduce their loads when the net amount of money they receive (B R ) is equal to or higher than the benefit they expect to receive, as illustrated by the equation:
Consequently, the customer will only modify its load curve when the payment (P M ) that the customer receives from the DR program operator for providing a service to the system satisfies the following condition: Figure 3 shows the relationship between costs and benefits with regards to customers' participation in DR services. The benefit obtained by the customer (B R ) is equal to the difference between the income (benefits for consuming less expensive energy (S S ) plus payments from the DR program operator (P M )) and the costs that the customer incurs when a flexibility action is performed (C f ).. As shown in the figure, the difference between the real benefit (B R ) and the expected benefit Customers will only participate in the DR program when expected benefits (B NE ) are equal or higher than the obtained benefit (B R ); in other words, when the margin of decision is positive.
Environmental evaluation
Avoided atmospheric emissions can be assessed in a similar way by considering the coefficients which calculate the amount of CO 2 per MWh emitted in each time period, factors that may differ depending on the power generation mix at the time under consideration. An average value is generally used to evaluate avoided emissions at any time, and the computation consists of multiplying this factor by the amount of avoided energy [23] , [24] , [25] . Nevertheless, this method is not always appropriate since it does not allow emissions to be assessed when energy consumption is shifted rather than reduced. Additionally, this average could vary by countries, depending on the proportion of "clean energy" in the total generation park. Table 2 shows the emission factors for different energy sources present in the generation mix of various countries and regions.
Identifying the technology used for regulation purposes every hour is a difficult task, so the emission factor can be estimated by using an average value obtained from the generation mix.
Consequently, the mean emission factor for each "k" period (on-peak, shoulder and valley) can be calculated by using the following formula: are the values of energy supplied by coal, fuel-gas, combined cycle and renewable technologies, respectively, during each "k" period, and e f values are the emission factors of each energy source as specified in Table 2 . To illustrate, Table 3 shows the factors used in Spain for each period of time.
The emission factor for the on-peak period is usually higher than for the rest of periods since the most inefficient technologies are supplying energy at these hours (coal and fuel-gas), and a higher amount of CO 2 is emitted into the atmosphere. Therefore, if any amount of energy is shifted from the on-peak period to another period, a net reduction in emissions will be achieved. In the case of Spain, the emission factor for on-peak period is 0.750 tonCO 2 /MWh.
Once the mean emission factors (f ei ) are calculated, avoided emissions (AE s ) during a flexibility action can be calculated by means of the following equation: 
where the poultry and pork segment represents 16% of total production worldwide [27] . The share for the European Union is similar, at 18% of total global production. In the case of Spain, the production of different pork goods, such as cured ham or deli products, is well-recognized around the world [28] . Spain produces 3% of total pork worldwide. In some countries, as Canada, the most significant activity in energy terms is the meat industry, which represents 18% of total energy consumption in the national food industry. Additionally, energy use is considerable for this type of consumer, and the meat industry has been identified as one of the most suitable segments for DR implementation [19] , [29] .
The potential of meat industry customers to manage their loads assessed and validated in previous research [7] was attained by two different strategies:
st strategy: Interruption of cooling production and distribution in drying rooms. This strategy, demonstrated and studied in detail by the authors in [30] , is based on the interruption of the electricity supply used in the refrigeration cycle so that the thermal inertia of the system can be used to keep both temperature and humidity within acceptable limits. Temperature and, consequently, the humidity ratio increases when cooling production is interrupted. Therefore, the duration of this action will depend on the stability which can be maintained in the product. Interruptions lasting up to two continuous hours can be acceptable for this type of product, as explained in [30] . Similarly, the cooling activity will be more intense during the subsequent minutes after the interruption (payback period). According to these premises, a total of two interruptions a day could be activated, so that reductions for a period of up to four hours a day could be achieved. Customers have demonstrated the ability to perform the reduction within 15 minutes of advance notice.
2 nd strategy: Fan speed variation in drying chambers. This action is based on the modification of the on-off sequences so that the fans work longer but at a lower speed, maintaining the total amount of water extracted from the drying chamber. Customers have frequently rejected reduction of fan speed when it has been proposed as an efficiency action since permanent reductions could stratify the air inside the chamber to the detriment of product quality. Consequently, this action, proposed in [7] , is not the permanent modification of speed, but rather a temporary adjustment made during certain periods of time when it could be required by the TSO or advisable to avoid high market prices. The reduction of fan speed for a short period of time also reduces the total power demanded by such devices because the real power demanded by a fan is proportional to its cubed rotation speed. Hence, a large amount of energy could be saved if actions to modify this parameter are carried out
The result was decisively positive: Customers are able to achieve daily energy savings of up to 6% without compromising product quality. Likewise, for electricity operators, peak reductions of about 55% and 8% in the total load curve can be achieved after applying both strategies.
In the specific case of the studied factory, a net reduction of 711 kW could potentially be offered by the customer in operation markets as a result of combining the first and second strategies at the same time. Conversely, a recovery period of one hour is also needed, during which an additional amount of 114 kW is demanded.
Economical evaluation of flexibility
Customer participation in two different operation markets has been evaluated, so prices of balancing markets and the secondary regulation market have been considered for the mobile year between November 25, 2009 and November 25, 2010. Prices were obtained from the official REE website, where this information is published and updated daily.
Balancing markets simulation
Prices of balancing markets varied in the considered period from 5€ to 210€/MWh, as shown in Figure 5 .
According to the method proposed in section 3, a total of 670 hours, whose daily assignment is shown in Figure 6 , were considered acceptable in the simulation, since the customer could obtain at least the minimum required benefit.
If the customer had participated in this market for all the considered hours, it would have obtained a benefit up to 45,271€, or 6.2% of the total cost of electricity. 32,588€ comes from energy not consumed by the customer (savings), including the different costs that the customer incurs, and 12,683€ are direct payments from the TSO. The actual cost that this reduction of power had for the system by using generation resources was 21,639€. Consequently, the system would have saved 8,956€ if DR from this customer had been used instead of only generation resources. Figure 7 shows the monthly result of this customer's participation in the balancing market. The most profitable month for customer participation, from both the customer and system perspective, was
November, when the customer would have earned 7,365€ while the system would have saved 1,243€.
Secondary regulation simulation
The participation of the customer in the Spanish secondary regulation market was also evaluated, similarly to the analysis performed on the balancing market. The secondary regulation market has two components, since customers are paid for availability (reserves) as well as for actual delivery of the power. The customer would obtain a minimum required benefit for a total of 450 hours, whose daily assignment is shown in Figure 10 .
Participating in the secondary reserve for all the hours under consideration, the customer would have obtained a benefit of 6,594€, equivalent to 0.9% of the total cost of electricity. At the same time, the system would have saved 9,263€ by using the customer's capacity instead of conventional generation.
In addition to the benefit obtained by the customer for its availability, an additional payment of 7,781€ would have been obtained if the power was delivered during the pledged hours. This can be added to the savings achieved by avoiding consumption, which reach 17,408€ after discounting costs. Therefore, a total benefit of 31,783€ could be obtained by the customer, which is 4.4% of the total cost of electricity. Figure 11 shows the monthly results of this customer's participation in the secondary regulation (availability + delivery) market. The most profitable month for customer participation, for both the customer and the system, was January, when the customer would have earned 7,256€, and the system would have saved 2,005€.
Sensitivity analysis
In order to evaluate how variations in some of the parameters considered in the simulation affect to the final result of the proposed methodology, a sensitivity analysis has been performed as it is explained in the following paragraphs.
As real prices for balancing and secondary regulation markets were used for the considered period of time, variations in the benefit strategy considered in step 3 of section 3.1 have been evaluated. While an initial value of 50% of the cost of the offered amount of power (strategy 50%), according to the price in the electricity contract of the customer, was considered as an acceptable strategy in the simulation, variations in a range between 0% (that means no additional payments from the TSO) and 100% has been also simulated so as to identify how such variables as the number of hours in that the customer would participate or the avoided costs for the system are affected.
The obtained results for the case of balancing markets are presented in Table 4 . When the benefit required by the customer to be willing to modify its loads increases, the number of hours of participation is gradually reduced. However, this reduction is not directly related to the total benefit obtained by the customer: when the required benefit varies between 0% and 25% over the cost of the offered amount of power, a reduction of the number of hours of participation does not imply a reduction in the benefit, as the total benefit for the customer increases. Nevertheless, the benefit is reduced for percentages higher than 25% as the loss of benefits due to the reduction of hours in that the customer may participate is higher than the specific increment of benefit in each hour. The benefit is drastically reduced for required benefits higher than 60%.
Likewise, Table 5 includes a similar evaluation for the secondary regulation. In this case, the range of hours in that the customer may participate is wider as it varies between 1460 and 166 hours, depending on the required benefit.
According to these results, it can be concluded that the considered value of 50% is adequate to allow customers to obtain significant benefits with a reasonable number of energy reductions a year although, as mentioned in section 3.1.3, this decision will depend on the market strategy of each particular customer.
Extrapolation of results to the whole segment
The potential for customers in the whole segment of the meat products industry has been estimated by using tools developed in the project carried out by the International Energy Agency (IEA), task XIII "Demand Response Resources" [20] , of the Implementing Agreement on Demand Side Management. These tools estimate the available market potential for DR in electricity markets.
For the calculation, benchmark information gathered from experiences with consumers in Europe and America is used. Table 6 shows the inputs considered in order to estimate the potential of DR in the meat industry in Spain, which has been estimated at 441 MW. According to these results, it is possible to conclude that the meat products segment has a high potential to provide DR resources to the system, with very profitable results. Similarly, the cost of the secondary reserve up for the considered period was 92,836 thousands of €
1
. The estimated avoided cost for the system, considering the potential of the whole segment, is 5,731 thousands of €. Thus, the system could save about 6.2% of the total cost of secondary regulation if DR from this segment were used.
Environmental impact of flexibility
As stated in section 3.2, the assessment of avoided emissions into the atmosphere could be performed by considering the weighted coefficients which assess the amount of CO 2 per MWh emitted in each time period. Below, the avoided emissions into the atmosphere are assessed for the customer analyzed in this paper. The procedure that was used is the following:
First of all, the total emissions by the customer when no reductions are produced are evaluated by assessing the consumption of energy in each one of the six periods defined in the contract. For that purpose, the emission coefficients stated in Table 7 are considered, and the emission of each period is calculated by multiplying the consumption of each period by the assigned factor.
Secondly, emissions are calculated after implementing the flexibility strategies dealt with in the section, including the extra consumption produced during the recovery period of the first strategy.
Finally, the avoided emissions into the atmosphere are calculated as the difference between the results obtained in steps 1 and 2.
Results of the total amount of CO 2 emitted into the atmosphere before and after reducing energy in both balancing markets and secondary regulation are presented in Table 8 , achieving savings up to the 3% and 5% in balancing markets and secondary regulation, respectively.
Conclusions
This paper presents a methodology, which is applied to customers from the meat products industry, to assess the economic impact of customers participating in operation markets, as well as the amount of avoided CO 2 into the atmosphere. The participation of a typical customer that produces meat products, whose technical potential was analyzed in previous research, has been simulated in the framework of operation markets such as the balancing markets and secondary regulation in Spain, where tests in real customers were performed. As a result, this methodology demonstrates a high potential of customers from this segment to provide the system with DR services in a profitable way for both the customer and the power system as a whole.
When the case of balancing markets was analyzed, savings of 6.2% in the annual electricity bill of the customer were obtained by applying flexibility strategies. If this potential is used for secondary regulation, savings of almost the 5% in the annual bill could be achieved.
The avoided cost arising from DR participation in these operation markets has also been evaluated, as the difference between the payment required by the customer and the cost of this service when it is provided by only generation resources. After estimating the potential of the whole segment by using tools developed in the Task XIII of the IEA, savings exceeded 6% for the whole power system. These results demonstrate the high potential in this segment, as individual customers can obtain appreciable benefits while also contributing to significant reductions in the total cost of power system management.
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